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Abstract. The adequate protection against meteorological conditions of rear-ventilated façades rests on the 
optimization of the construction design for the joints, cavity depths and wall interfaces. In the late 1990s 
and early 2000s several authors analysed the water management characteristics of open joints in rainscreen 
systems, although only few of them attempted to quantify infiltration rates into the air cavity. However, 
none of these studies provided reliable quantitative data on wind-driven rain intrusion to the water resistive 
barrier of rear-ventilated façades. The provision of this data will give the means of determining the moisture 
load to which the façade is to be subjected during a rain event and for which the façade must be able to 
manage. Consequently, the aim of his paper is to compare quantitatively the water management 
characteristics of different types of rear-ventilated façade systems by adopting a holistic approach to this 
kind of enclosure system. In order to conduct this study, three façade systems have been selected based on 
the type of fixing method and the design of the vertical and horizontal joints. Afterwards, the full-scale 
mock-ups have been built and tested in controlled laboratory conditions. During these tests, the amount of 
water infiltrating into the air cavity and the amount of water reaching the water resistive barrier have been 
measured. Finally, a comparison between the results obtained for every mock-up has been made.  
1 Introduction 
Rear-ventilated façades are pressure-equalized 
rainscreen façade systems. According to ETAG 034 [1] 
and CWCT [2], rear-ventilated façades are non-
loadbearing external cladding assemblies consisting of 
an outer skin of panels fixed to a framework (specific to 
the kit or not) which is mechanically fixed to an airtight 
insulated backing wall. Between the outer skin of panels 
and the airtight backing wall, a ventilated, drained and 
pressure-moderated cavity is left. In a pressure 
moderated rainscreen cladding, the relationship between 
the area of the open joint which gives access to the 
cavity void, the volume of the cavity and the air 
permeability of the air barrier is designed such that wind 
pressure acting on the face of the rainscreen is balanced 
by the pressure created at the joint [2]. Therefore, the air 
gap acts as a pressure cushion to prevent water from 
reaching the backing wall by means of pressure 
differences. However, variations in wind speeds, wind 
direction and hence wind pressure caused by the 
prevailing conditions, as well as the specific exposure 
conditions of the wall might impair the pressure 
equalisation allowing water to bridge the cavity gap at 
some instances. 
The forces acting in support of water ingress in 
facades are: kinetic energy of raindrops, surface tension, 
gravity action, pressure differences, local air currents, 
hydrostatic pressures and capillary forces [3-11]. There 
is a general belief among researchers that air pressure 
differential is the major driving force contributing to 
rainwater penetration [12-14]. Air pressure differences 
across the walls can be induced by stack effect, 
mechanical systems and wind [14]. Among these, the 
higher-pressure differentials might be caused by the 
wind.  
Although the design of rear-ventilated façades 
typically aims to control all forces that can drive water 
into the wall assembly (e.g. kinetic energy, surface 
tension, gravity action, pressure differences, local air 
currents, hydrostatic pressures and capillary forces), this 
might not be the case if the forces contributing to 
rainwater penetration are not adequately considered in 
the design of the joints and construction details of the 
facade. For example, there is not a common consensus 
within the industry about the optimal location of the 
breather membrane (water resistive barrier) within the 
rear-ventilated façade build-up and the 
compartmentation rules for the cavity at the corners are 
still not clear. Note that the corners are the areas where 
positive and negative external wind pressures might be 
experienced at the same time [15]. 
When a raindrop collides with a rear-ventilated 
façade, a part of the impinging water is lost by splash, 
immediate evaporation and absorption by the cladding 
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panels if these are porous; a part creates the runoff film 
along the exterior surface of the cladding; a part remains 
adhered to the surface of the panels; a part splashes into 
the air cavity; a part is infiltrated through the open joints; 
a part remains stagnant within the joints by surface 
tension and a last part is lost by evaporation inside the 
air cavity due to the chimney effect. Hence the response 
of rear-ventilated façades to wind-driven rain present a 
complex model difficult to predict. Model that might be 
potentially affected by additional factors such as the 
secondary structure and fixing system of the cladding 
panels as these will influence the wetting and runoff 
patterns. 
Therefore, when studying the response of vertical 
walls to impinging rainwater (study of the effects at and 
after raindrop impact), three different approaches are 
taken. On the one side, researchers such as: Blocken et 
al. [16], de Vogelaere and Pacco [17], Blocken and 
Carmeliet [18], Chew and Tan [19], Van den Brande et 
al. [20] amongst others focused their studies on the 
rainwater runoff from building façades. On the other 
side, researchers like Couper [21], Rhein [22], Reis et al. 
[23], Abuku et al. [24], Liu et al. [25] or Erkal et al. [26] 
studied the contact and surface phenomena such as 
spreading, splashing and bouncing on vertical building 
surfaces. And lastly, a third group of researchers (e.g. 
Birkeland [3, 27], Vos and Tammes [28], Beijer and 
Johansson [29], Beijer [30], Carll [31], Girma et al. [32], 
Sahal and Lacasse [33], Lacasse et al. [34-38], Teasdale-
St-Hilaire and Derome [39], Teasdale et al. [40, 41], 
Bomberg and Shirtliffe [42], Nusselt [43], El-Shimi and 
Fazio [44], Hall and Kalimeris [45, 46]; Hall and Hoff 
[47, 48]) analysed the absorption and the distribution of 
the moisture within the façade walls. These enclosing 
not only the rain penetration, but also wetting-drying 
processes, wetting patterns and surface soiling patterns.  
To examine the moisture performance and durability 
of envelopes and wall assemblies, the prediction of 
impinging wind-driven rain loads on building façades 
and the quantification of the water infiltration loads onto 
the water resistive barrier need to be combined with 
Heat-Air-Moisture (HAM) models [20]. In HAM 
models, these parameters are introduced as boundary 
conditions for the hygrothermal simulation of the wall 
assembly. However, it should be noted that several 
secondary effects of wind-driven rain (e.g. splashing and 
bouncing of raindrops, runoff of rainwater along the 
surface) have not yet been implemented in current HAM 
models [16, 20].  
1.1 The legal context 
In a context where much of the legislation, regulations, 
standards and guidance covering the durability and 
moisture performance of envelopes and wall assemblies 
is prescriptive and separately treats condensation risk, 
wind-driven rain risk and flooding [49], only a couple of 
standards provide the legal framework for the 
assessment methods for moisture condensation risk: EN 
13788 [50] and EN 15026 [51]. EN 13788 [50] gives a 
simplified calculation method to assess the hygrothermal 
performance of building components that does not take 
account of the capillary suction and liquid moisture 
transfer within materials amongst other limitations. As 
opposed, EN 15026 [51], which defines the practical 
application of hygrothermal simulation software to 
predict one-dimensional transient heat and moisture 
transfer in multi-layer building envelope components 
subjected to non-steady climate conditions, specifies that 
the uptake of wind-driven rain shall be limited by the 
amount of water that can be absorbed by the material at 
the surface. However, note that EN 15026 [51] only 
deals with facades assembled leaving no gaps or open 
joints between components. Therefore, no consideration 
is made for any uptake of wind-driven rain onto the back 
wall as no water is expected to infiltrate to a second leaf 
in the façade. This construction typology is not 
representative of rear-ventilated façades, where an outer 
skin of panels with open joint arrangement is installed in 
front of a backing wall. In addition, EN 15026 [51] does 
not cover airflows, 2D issues, as built and in service 
conditions and the effect of hygroscopic materials on 
indoor RH [49]. However, these conditions have been 
incorporated in several non-standardized models (e.g. 
DELPHIN, WUFI and WUFI 2D) utilizing the method 
set down in ASHRAE 160 [52]. According to ASHRAE 
160 [52], in the absence of specific full-scale test 
methods and data for the as-built exterior wall system 
being considered, the default value for water penetration 
through the exterior surface shall be 1% of the water 
reaching that exterior surface. As per the standard, the 
deposit site for the water shall be the exterior surface of 
the water-resistive barrier, which in the case of rear-
ventilated façades, typically coincides with the breather 
membrane location. 
In addition to the limitations of current standards, 
there is lack of data and research on the proportion of 
wind-driven rain infiltration that reaches the exterior 
surface of the water-resistive barrier of pressure-
equalized rainscreen façade systems. In the late 1990s 
and early 2000s several authors analysed the water 
management characteristics of open joints in rainscreen 
systems, although only few of them attempted to 
quantify infiltration rates. While no field measurements 
of actual rain infiltration into the backing wall have been 
documented, some rain infiltration measurements into 
the cavity of open joint rainscreen systems have been 
carried out under laboratory conditions [53-68]. These 
studies did not measure the rain infiltration onto the 
backing wall, only measured the rain infiltration into the 
cavity through open joints regardless of the secondary 
structure and fixing system utilised to hold in place the 
cladding panels. The provision of this data is evidently 
important because will give the means of determining 
the moisture load to which the façade is to be subjected 
during a rain event and for which the façade must be 
able to manage. In addition, the rate of rainwater 
reaching the back wall constitutes the moisture load to 
the backing wall and can be readily used as input to 
HAM models, the results of which would be used to 
assess the vulnerability of wall systems to rainwater 
ingress. Furthermore, it should be noted that the results 
obtained with HAM models are particularly sensitive to 





the moisture loads assumed for the model [52]. In this 
sense, Abuku et al. [69] concluded that simulations 
typically tend to overestimate the measured average 
moisture content in façades. Additionally, Arce-Recatala 
et al. [70] found that an approximately 0.54% of the 
wind-driven rain infiltrates onto the surface of the water-
resistive barrier of rear-ventilated facades, when this is 
located on the outer side of the thermal insulation layer. 
Therefore, very few reliable quantitative data has 
been provided on wind-driven rain intrusion for rear-
ventilated façades up to now. Furthermore, the data 
provided has demonstrated to be significantly smaller to 
the moisture load percentages suggested in the standards 
for hygrothermal simulations. These variations in the 
percentages utilised as outputs for the hygrothermal 
simulations might not only affect the precision of the 
results but also the accuracy. Consequently, the aim of 
his paper is to compare quantitatively the water 
management characteristics of different types of rear-
ventilated façade systems by adopting a holistic 
approach to this kind of enclosure system in an effort to 
propose reliable quantitative data on wind-driven rain 
intrusion.  
2 Experimental method 
In order to conduct this study, three rear-ventilated 
façade systems have been selected based on the type of 
fixing system, the secondary structure utilised to hold in 
place the cladding panels and the vertical and horizontal 
joints arrangement. Afterwards, three full-scale mock-
ups have been built using best construction practices and 
tested in controlled laboratory conditions. During these 
tests, the amount of water infiltrating into the air cavity 
and the amount of water reaching the water resistive 
barrier have been collected in two different gutters 
located beneath the test specimens. The water collected 
in each gutter has been poured into buckets through 
plastic tubes. These buckets stood on weighting scales 
which recorded the weight over time and thus the rate of 
water ingress has been measured.  
A rainscreen cladding made of fibre cement panels 
with similar panel arrangement has been used in the 
three mock-ups to avoid having completely different 
response scenarios to wind-driven rain and driving rain 
wind pressures of the cladding material.  
Evaluations have been made using sprayed water to 
simulate wind-driven rain and pressure differences to 
mimic driving rain wind pressures. These parameters 
have been set in the tests according to those prescribed in 
European watertightness test standards. However, as the 
test protocols provided in current standards (e.g.: EN 
12865 [78], EN 12155 [247], EN 1027 [358] and CWCT 
Standard [2]) are designed to provide qualitative 
information on the degree of watertightness, a new test 
procedure has been developed based on the tests 
procedures described in the standards to allow the 
quantitative analysis of the results. According to the new 
procedure, the test specimens have been subjected to a 
continuous and constant film of water during a period of 
15 min at no pressure difference and at each pressure 
difference step applied (150, 300, 450, 600 and 750Pa). 
A row of evenly spaced water spray nozzles has been 
utilised to deposit water at a rate of 2 L/min per m2 over 
the outermost surface of the three test specimens. 
The stack effect has not been reproduced during the 
tests. The stack effect is characteristic of rear-ventilated 
façade systems and depends on the temperature 
differences across the cavity. However, it was not 
reproduced as usually when there is a heavy downpour 
the temperature differences are slight given the reduced 
solar radiation on the exterior surface of the cladding 
during such type of rain events. 
The wall specimens were intended to be 
representative of a section of the selected rear-ventilated 
façade system, except that instead of erecting a brick 
masonry wall or SFS as interior layer, a transparent 
acrylate plate (PMMA) of 1 cm thickness was installed. 
The PMMA sheet also replaced the thermal insulation 
layer and acted as the air barrier and water resistive 
barrier in the façade test specimens evaluated. 
2.1 Mock-up 01  
The first mock-up (mock-up 01) consisted on a fibre 
cement cladding directly fixed to top hat sections by 
means of rivets. Below is presented a summary of the 
main features of mock-up 01: 
- Secondary structure: vertical top hat sections 
- Fixing system: riveted 
- Cavity depth: 95mm (including secondary 
structure) 
- Cladding orientation: portrait fibre cement panels 
- Joints: 5 open vertical joints and 1 open horizontal 
joint 10mm-wide 
2.2 Mock-up 02  
The second mock-up (mock-up 02) comprised a fibre 
cement cladding hook on horizontal “C” sections by 
means of hangers fixed to the rear of the panels with 
undercut anchors. The horizontal “C” sections have been 
screwed to vertical “T” profiles. Below is presented a 
summary of the main features of mock-up 02: 
- Secondary structure: vertical “T” sections and 
horizontal “C” rails 
- Fixing system: hook-on  
- Cavity depth: 116mm (including secondary 
structure and fixing system) 
- Cladding orientation: landscape fibre cement panels 
- Joints: 5 open horizontal joints and 2 open vertical 
joints 10mm-wide 
 2.3 Mock-up 03  
The third mock-up (mock-up 03) consisted on a fibre 
cement cladding directly fixed to vertical “T” sections by 
means of rivets. Below is presented a summary of the 
main features of mock-up 03: 
- Secondary structure: vertical “T” sections 
- Fixing system: riveted 





- Cavity depth: 88mm (including secondary 
structure) 
- Cladding orientation: landscape fibre cement panels 
- Joints: 2 open vertical joints and 5 open horizontal 
joints 10mm-wide 
3 Results  
3.1 Water infiltrated into the cavity 
The graph plotted in Figure 1 shows the water 
infiltration rates into the cavity for all three types of rear-
ventilated façade systems studied as function of applied 
pressure differences in front of the cladding and for a 
spray rate of approximately 2L/min per m2.  
 

























Fig. 1. Comparison amongst water infiltration rate percentages 
into the cavity of mock-up 01, mock-up 02 and mock-up 03 as 
function of applied pressure differences in front of the 
cladding. 
It appears that constant water collection rates into the 
cavity have been recorded for increases in the applied 
pressure differences in the three types of rear-ventilated 
façade systems. These results evidence that there is no 
driving pressure acting on the water infiltration through 
the tests specimens as it would have been expected for a 
pressure-equalized façade system.  
From the graph shown in Figure 1 it is also evident 
that the highest water infiltration percentages into the 
cavity have been obtained for the rear-ventilated façade 
system made of fibre cement cladding panels riveted to 
vertical top hat sections (mock-up 01). Note that this 
cladding comprised 5 open vertical joints and 1 open 
horizontal joint in an exposed surface of approximately 
3.9m2. As opposed, the lowest infiltration rate 
percentages have been obtained for the rear-ventilated 
façade system consisting on fibre cement cladding 
panels riveted to vertical “T” sections (mock-up 03). In 
this case, the cladding arrangement contained 2 open 
vertical joints and 5 open horizontal joints in an exposed 
surface of approximately 2.6m2. Note that mock-up 02, 
which reported intermediate infiltration rate percentages, 
simulated a hook-on rear-ventilated façade system with a 
cladding arrangement containing 2 open vertical joints 
and 5 open horizontal joints in an exposed surface of 
approximately 3.5m2. 
Nevertheless, when the infiltration rate percentages 
are weighted as function of the exposed surface of the 
test specimens for each rear-ventilated façade system, 
the results vary a little bit (refer to Figure 2). 
 

























Fig. 2. Comparison amongst the area weighted water 
infiltration rate percentages into the cavity of mock-up 01, 
mock-up 02 and mock-up 03 as function of applied pressure 
differences in front of the cladding. 
In the area weighted results, the higher water 
infiltration rates into the cavity are still obtained for the 
rear-ventilated façade system made of fibre cement 
cladding panels riveted to vertical top hat sections 
(mock-up 01). The water infiltration rate percentages 
into the cavity for the test specimens with fibre cement 
cladding panels riveted to vertical “T” sections (mock-up 
03) and fibre cement cladding panels hook on horizontal 
“C” sections (mock-up 02) are more similar. However, 
the water infiltration percentages in the rear-ventilated 
façade system with fibre cement cladding panels riveted 
to vertical “T” sections (mock-up 03) are slightly above 
the rear-ventilated façade system with fibre cement 
cladding panels hook on horizontal “C” sections (mock-
up 02). 
These results suggest that more water infiltrates into 
the cavity through the rear-ventilated façade systems, 
whose cladding kits have more exposed openings (e.g.: 
joints and rivet holes). Furthermore, the capillary 
pathways created between the cladding panels and the 
vertical profiles installed behind the panels at the vertical 
joint locations (baffled joints) promote higher water 
ingress rates into the cavity than normal open joints. 
3.2 Water reaching the water resistive barrier 
The graph plotted in Figure 3 records the water 
infiltration rate percentages onto the water resistive 
barrier of the three test specimens built to simulate the 
varying types of rear-ventilated façade systems. These 
water infiltration percentages are given as function of the 
applied pressure differences in front of the cladding and 
for a spray rate of approximately 2L/min per m2. 





























Fig. 3. Comparison amongst water infiltration rate percentages 
reaching the water resistive barrier of mock-up 01, mock-up 02 
and mock-up 03 as function of applied pressure differences in 
front of the cladding. 
Apparently, constant water collection rates to the 
water resistive barrier have been recorded for increases 
in the applied pressure differences in the rear-ventilated 
façade system made of fibre cement cladding panels 
riveted to vertical top hat sections (mock-up 01) and the 
hook-on rear-ventilated façade system (mock-up 02). As 
opposed, it appears that increasing pressure differences 
in front of the cladding have led to lower infiltration 
rates onto the water resistive barrier of the test specimen 
with fibre cement cladding panels riveted to vertical “T” 
sections (mock-up 03). These results suggest that higher 
pressure differences provide water droplets with more 
kinetic energy and thereby, water droplets have a higher 
splash and bounce effect and are able to reach longer 
distances through open joints. 
When measuring the amount of water reaching the 
water resistive barrier of the three test specimens, 
slightly different rates of water entry have been obtained 
for the evaluated rear-ventilated façade types. As 
expected, the highest amount of water reaching the water 
resistive barrier has been reported in the test specimen 
simulating a hook-on rear-ventilated façade system 
(mock-up 02). In this façade system, the vertical and 
horizontal joints present in the cladding are completely 
open. Conversely, the lower infiltration rate percentages 
onto the water resistive barrier have been obtained in the 
test specimen with fibre cement panels riveted to vertical 
top hat sections (mock-up 01). This was also a 
foreseeable result as the vertical joints were baffled. The 
vertical top hat profiles installed behind the panels at the 
vertical joint locations acted as pipes and prevented 
water reaching the surface of the polycarbonate sheet 
(water resistive barrier in the test specimen). Therefore, 
the water infiltration rate percentages reported in the 
graph given in Figure 3 for mock-up 01 are the result of 
the water infiltrated through one open horizontal joint. 
Regarding the water infiltration rate percentages 
obtained for the test specimen with fibre cement 
cladding panels riveted to vertical “T” sections (mock-up 
03), slightly higher water ingress rates were obtained 
compared to the test specimen with fibre cement panels 
riveted to vertical top hat sections (mock-up 01). 
However, these percentages are the result of the water 
ingress through five open horizontal joints as the vertical 
joint is baffled by means of a “T” vertical section. The 
“T” vertical section installed behind the panels at the 
vertical joint locations impeded water directly reaching 
the surface of the polycarbonate sheet. 
These results suggest that open joints lead to higher 
infiltration rates onto the surface of the polycarbonate 
sheet when compared to baffled joints. Furthermore, in 
similar rear-ventilated façade systems (mock-up 01 and 
mock-up 03), it has been observed that the number of 
open joints also affects the water infiltration rate 
percentages onto the surface of the polycarbonate sheet. 
Note that the water load applied to the outermost surface 
of the three test specimens was carried out via a single 
spray bar with nozzles evenly spaced. Therefore, higher 
infiltration rate percentages might be expected when the 
water load is projected over the test specimen surface by 
means of a matrix of nozzles evenly spaced.  
In addition, the results have also evidenced that the 
more complex and the more elements the secondary 
structure and the fixing system have, the higher the 
amount of water that might reach the polycarbonate 
surface as more surfaces to splatter away are provided.  
4 Discussion 
Three types of rear-ventilated façade systems have been 
subjected to a sequence of watertightness test procedures 
obtaining that approximately 25% of the sprayed water 
infiltrated into the cavity of the test specimens and less 
than 0.5% of the sprayed water was able to reach the 
water resistive barrier. This water ingress percentages 
measured in the three evaluated rear-ventilated façade 
systems are not in line with the infiltration percentages 
provided in the few existing studies for rainscreen 
systems. For instance, the study carried out by the FVHF 
[71] reported that 16.6% of the sprayed water infiltrated 
inside the air cavity and 0.4% reached the exterior 
surface of the thermal insulation layer in a rainscreen 
system with open vertical and horizontal 8mm wide 
joints and an air gap of 100mm. The difference with the 
results shown in this paper is difficult to attribute, given 
that the testing procedure, spraying system, secondary 
structure and fixing system of the cladding kits are not 
indicated in the study carried out by the FVHF.  
Mas et al. [57] tested a rainscreen system made of 
stone plaques fixed by anchors to a supporting frame 
obtaining a 55% of water infiltration inside the air cavity 
through vertical and horizontal joints 8 mm wide. This 
percentage almost doubles the highest water infiltration 
rates we have obtained in the present study. This 
difference can perhaps be explained by considering 
factors that might have contributed to variations in water 
deposition to the surface of the test specimen (e.g.: 
spraying system, distance to the outermost surface of the 
specimen, spray rate and so on).  
On another study, Fernández-Madrid [58] found that 
5.81% of the total projected water infiltrated inside the 
air cavity, when a rainscreen wall was subjected to 
positive pressure pulsations at a water spray load of 2.7 
L/min·m2.  
 






The comparison of the ability to drain infiltrated water 
from the system in the three rear-ventilated façade types 
studied has provided us a mean of determining the water 
entry rates into the cavity and onto the surface of the 
water resistive barrier of the test specimens. The results 
obtained have reported the highest water infiltration rates 
into the cavity in the rear-ventilated façade system made 
of fibre cement cladding panels riveted to vertical top hat 
sections (mock-up 01). As opposed, the lower infiltration 
rate percentages into the cavity have been obtained for 
rear-ventilated façade system with fibre cement cladding 
panels hook on horizontal “C” sections (mock-up 02).   
Concerning the water infiltration onto the surface of 
the water resistive barrier of the test specimens, the 
highest water entry rates have been obtained in the rear-
ventilated façade system with fibre cement cladding 
panels hook on horizontal “C” sections (mock-up 02). 
To the contrary, the lowest water infiltration rate 
percentages onto the surface of the water resistive barrier 
have been reported for the rear-ventilated façade system 
made of fibre cement cladding panels riveted to vertical 
top hat sections (mock-up 01).  
If all water infiltration rates into the wall system are 
considered, it can be concluded that the rear-ventilated 
façade system with riveted panels presents higher water 
ingress rates than the hook-on rear ventilated façade 
system. 
As mentioned in the introduction, all these values are 
relevant as input for the boundary conditions in the 
hygrothermal simulations utilised to examine the 
moisture performance and durability of envelopes and 
wall assemblies. Note that according to ASHRAE 160, 
in the absence of specific full-scale test methods and 
data for the as-built exterior wall system, the default 
value for water penetration through the exterior surface 
shall be 1% of the water reaching that exterior surface. 
The present study and the existing ones clearly suggest 
that the value for moisture loads in the ASHRAE 
standard are somewhat conservative in respect to rear-
ventilated facades. 
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